In contrast to the single metallothionein (Mr-1 gene of the mouse, the human MT-1 gene family is composed of seven active genes and six pseudogenes. In this study, the expression ofmRNA representing the seven active human MT-1 genes was determined in cultured human proximal tubule (HPT) cells under basal conditions and after exposure to the metals Cd2, j2+, Cu2t, Ht+, Ag2+, and Pb2+. Basal expression of MT-1X and MT-1E mRNA in HPT cells was similar to eptession of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase. In The extrapolation of environmental studies from animal models to humans is potentially compromised when areas of examination involve human gene families with increased organizational complexity. A prime example is the human metallothionein (MT) gene family, in which gene organization is more complex in humans than in commonly used model systems. In both mice and humans, there are four classes of similar MT proteins, designated MT-1 through 4, defined on the basis of small differences in sequence and charge characteristics (1-3). For both species, the MT-1 and MT-2 proteins exhibit a ubiquitous pattern of tissue expression, whereas expression of the MT-3 and MT-4 family members is highly restricted (3-5). However, the gene organizations underlying the expression of the protein isoforms are quite different. In the mouse, the genes encoding the four MT isoforms are single-copy genes, and no MT pseudogenes are known to exist. The mouse MT-1 and MT-2 genes are separated by approximately 6 kb on chromosome 8 and appear to be coordinately regulated with functionally equivalent protein products (3,6). The MT-3 and MT-4 genes are closely linked to but not coordinately regulated with the other MT genes on mouse chromosome 8 (4,5). In contrast to the four single genes of the mouse, the human MT gene family is represented by 10 functional and 7 nonfunctional genes located at 16qi3 (4, 5, 7, 8) . The genes encoding the MT-2, 3, and 4 isoforms are similar in number to the rodent (there is an MT-2 processed pseudogene on chromosome 2), but the human MT-1 locus possesses numerous MT-1 isoforms that are not present in the mouse (7, 8) . The human MT-1 gene locus is composed of seven functional genes and six pseudogenes. Complete genomic sequences are available for the seven active genes: MT-1A (9), MT-1B (10), MT-1E, MT-iF, 12) , MT-1H, and . The potential significance of this duplication event is underscored by the fact that the human MT-1 isoforms genes have been shown to exhibit unique expression profiles with examples of inducer-specific, tissue-specific, and developmental-specific regulation (9,13-17).
ily is composed of seven active genes and six pseudogenes. In this study, the expression ofmRNA representing the seven active human MT-1 genes was determined in cultured human proximal tubule (HPT) cells under basal conditions and after exposure to the metals Cd2, j2+, Cu2t, Ht+, Ag2+, and Pb2+. Basal expression of MT-1X and MT-1E mRNA in HPT cells was similar to eptession of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase. In contrast, mRNAs representing the basal expression of MT-IA and MT-1F were a minor transcript in HPT cells. Treatment of HPf cells with Cd2+, Zn2, or Cu2+ increased the levels of MT-1E and MT-1A mRNA, but not the levels ofMT-lX or MT-1F mRNA. The increase in MT-1E mRNA appeared to be influenced mainly by exposure to the various metals, whereas the increase in MTlA mRNA was influenced more by exposure to a metal concentration eliciting a loss of cel viability. Treatment of HPT cels with the metals Ht2+, At*, and Pb2+ was found to have no effkct on the levl of MT-1 mRNA at either sublethl or lethal concentrations. Using HPT cells as a model, these results suggest that new features of MT gene expression have been acquired in the human due to the duplication of the MT-1 gene. Key words cadmium, copper, gene expression, heavy metals, lead, mercury, metallothionein, mRNA, proimal tubule, RT-PCR, reverse transcrptase-polymerase chain reaction, silver, zinc. Environ Heahc Perect 106:825432 (1998).
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The extrapolation of environmental studies from animal models to humans is potentially compromised when areas of examination involve human gene families with increased organizational complexity. A prime example is the human metallothionein (MT) gene family, in which gene organization is more complex in humans than in commonly used model systems. In both mice and humans, there are four classes of similar MT proteins, designated MT-1 through 4, defined on the basis of small differences in sequence and charge characteristics (1) (2) (3) . For both species, the MT-1 and MT-2 proteins exhibit a ubiquitous pattern of tissue expression, whereas expression of the MT-3 and MT-4 family members is highly restricted (3) (4) (5) . However, the gene organizations underlying the expression of the protein isoforms are quite different. In the mouse, the genes encoding the four MT isoforms are single-copy genes, and no MT pseudogenes are known to exist. The mouse MT-1 and MT-2 genes are separated by approximately 6 kb on chromosome 8 and appear to be coordinately regulated with functionally equivalent protein products (3, 6) . The MT-3 and MT-4 genes are closely linked to but not coordinately regulated with the other MT genes on mouse chromosome 8 (4, 5) . In contrast to the four single genes of the mouse, the human MT gene family is represented by 10 functional and 7 nonfunctional genes located at 16qi3 (4, 5, 7, 8) . The genes encoding the MT-2, 3, and 4 isoforms are similar in number to the rodent (there is an MT-2 processed pseudogene on chromosome 2), but the human MT-1 locus possesses numerous MT-1 isoforms that are not present in the mouse (7, 8) . The human MT-1 gene locus is composed of seven functional genes and six pseudogenes. Complete genomic sequences are available for the seven active genes: MT-1A (9), MT-1B (10), MT-1E, MT-iF, 12) , MT-1H, and . The potential significance of this duplication event is underscored by the fact that the human MT-1 isoforms genes have been shown to exhibit unique expression profiles with examples of inducer-specific, tissue-specific, and developmental-specific regulation (9, (13) (14) (15) (16) (17) .
The MTs are widely recognized and accepted as a major weapon in the cell's armamentarium for protection against and recovery from environmental insult. They are a dass of low molecular weight (Mr = 6,000-7,000), cysteine-rich, inducible, intracellular stress proteins that are best known for their high affinity for binding heavy metals. (24) .
Stock cultures of HPT cells were grown in 75-cm2 T-flasks with a serum-free growth medium and a collagen matrix using procedures recently detailed (25) . For use in experimental protocols, the cells were subcultured at a 1:2 ratio, allowed to reach confluence (6 (24, 27) . The concentration and purity of the RNA samples were determined using spectrophotometer scan in the UV region and ethidium bromide (EtBr) visualization of intact 18S and 28S RNA bands following agarose gel electrophoresis. Total RNA (0.5 pg) was analyzed by reverse transcriptase-polymerase chain reaction (RT-PCR) as described previously (24, 27) . The primers developed for analysis of each of the active MT genes have been previously described (27) . The Figure 2 . Expression of MT-1A mRNA in human proximal tubule cells exposed to cadmium. Reverse transcriptase-polymerase chain reaction for MT-1A was performed as described using RNA isolated on days 1, 4, 7, 10, 13, and 16 of Cd exposure. Reaction products sampled at 40 cycles are shown for the control and 9 pM concentration for isolate 1 (A) and for controls and three concentrations of Cd for isolates 2 (C) and 3 (D). Samples representing higher levels of exposure for isolate 1 were removed at 35 cycles (B). In all three isolates the expression of glyceraldehyde 3-phosphate dehydrogenase was constant (data not shown). (Fig. 4) . Although a qualitative observation, the relative intensities of the MT-1 E mRNA reaction products varied among the cell isolates, with isolate 1 demonstrating a more intense reaction product at 30 reaction cycles. This is interesting because isolate 1 has been shown to be the most resistant to the lethal effects of Cd2+ exposure, followed by isolates 3 and 2 (24) .
The effect of Cd2+ on the expression of MT-IE mRNA was also determined for the HPT cell isolates. Results showed increased expression ofMT-1E for all three HPT cell isolates as a result ofCd2+ exposure (Fig. 5) (Fig. 6A,B) . As (Fig. 7) . This is in contrast to G3PDH, where the same total RNA input demonstrated a convincing reaction product corresponding to G3PDH mRNA at 30 PCR Articles * Human MT-1 mRNA expression in proximal tubules (Fig.  10) . The effect of Cd2+ on MT-1X mRNA expression was also determined on three HPT cell isolates, and the results revealed only a marginal increase in MT-1X mRNA as a result of Cd2+ exposure (Fig. 11) . This finding was reinforced by the levels of MT-IX mRNA in HPT cells exposed to both Zn2+ and Cu2+, where results suggested a slight elevation in MT-1X mRNA level following metal treatment (Fig.  12A,B) . However, in no instance was the increase of the magnitude found for MT-IA and MT-IE mRNA under identical conditions. There was no increase in the level of MT-1X mRNA when HPT cells were exposed to Hg2+, Ag2+, or Pb2+ (Fig. 12C-E ). These results demonstrate that MT-1X mRNA is a common transcript in HPT cells and that the level of expression is not greatly influenced by metal exposure.
MT-IB, MT-JG, and MT-IH. Basal expression and metal-induced expression of mRNA for the MT-1B, MT-1G, and MT-1H genes were also determined using the above RNA samples. No expression of MT-1B mRNA was demonstrated under basal conditions or after treatment with any of the six metals (data not shown). and MT-1H mRNA displayed marginal bands approximately 20% of the time at 40 reaction cycles; however, the occurrence of bands had no discernible pattern under basal conditions or when the cells were exposed to the six metals (data not shown). We conclude that the expression of MT-1B, MT-1G, and MT-1H mRNAs is at the limit of detection of the RT-PCR assay and that repeatable data regarding expression cannot be obtained.
Discussion
One goal of this study was to determine if HPT cell cultures retained features of MT gene expression known to be present in the proximal tubule of the human kidney. Several studies using immunohistochemical analysis have shown that MT protein in the human kidney is localized exclusively in the proximal tubule (27) (28) (29) . An (24, 30) . Basal levels of MT mRNA expression appear to be similar between the human kidney and cultured HPT cells. In total RNA preparation from human kidney tissue, mRNAs for the MT-2A, MT-1X, MT-1E, and MT-IF genes were demonstrated to be common transcripts, having expression levels dose to the G3PDH housekeeping gene, while mRNAs for the MT-IA and MT-3 genes were demonstrated to be far less abundant (27, 30) . In the present study, basal expression of MT-IX and MT-1E mRNA was similar to expression of G3PDH mRNA in HPT cells, whereas MT-lA and MT-IF were less common transcripts. Earlier studies have shown MT-2A to be a common basal transcript and MT-3 a rarer transcript in HPT cells (24, 30 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
